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*	 7	 5	 3	 5	 6	 4	 4	 3	
n	total	 8	 8	 7	 8	 6	 5	 5	 4	
n	litters	
7	 8	 4	 4	 3	 5	 4	 4	
*	Number	that	reached	criterion	227	
	 Using	survival	analysis	to	account	for	mice	that	failed	to	reach	criterion	by	the	end	of	the	228	
trial	increased	the	effect	of	species	on	trials	to	criterion	in	the	dark	(LRT:	Χ2(1,	n	=	31)	=	11.48,	P	=	229	
0.0007).	The	effect	of	sex	remained	non-significant	(X2	=	0.03,	P	=	0.9)	but	the	interaction	230	
between	species	and	sex	was	marginally	significant	(X2	=	3.99,	P	=	0.046).	This	interaction	was	231	
explained	by	a	tendency	for	M.	m.	musculus	males	that	met	criterion	to	do	so	earlier	than	232	
females,	whereas	this	pattern	was	reversed	in	M.	spicilegus	(Table	1).	However,	there	was	no	233	
significant	difference	between	the	sexes	in	either	species	(ANOVA:	M.	m.	musculus,	F(1,8)	=	1.15,	234	
P	=	0.3;	M.	spicilegus,	F(1,12)	=	0.26,	P	=	0.6).	In	the	light	condition	there	was	no	effect	of	species,	235	
sex,	or	their	interaction	(species,	X2(1,	n	=	20)	=	1.79,	P	=	0.2;	sex,	X2	=	0.004,	P	=	0.95;	species*sex,	236	
X2	=	1.34,	P	=	0.3).	Within	species,	there	was	no	effect	of	condition	on	trials	to	criterion	for	M.	237	
	 14	
spicilegus	(X2	(1,	n	=	27)	=	1.72,	P	=	0.2),	whereas	M.	m.	musculus	performed	significantly	better	in	238	
the	light	(X2(1,	n	=	24)		=	7.62,	P	=	0.006).		239	
		 While	observing	the	dark	trials	we	noticed	that	house	mice	seemed	more	hesitant	than	240	
mound-building	mice	in	moving	through	the	maze	when	placed	in	it	for	the	first	time.	To	241	
separate	any	species	differences	in	initial	response	to	a	novel	environment	from	differences	in	242	
ability	to	negotiate	a	dark	environment,	we	tested	for	an	effect	of	species	on	the	times	it	took	243	
for	mice	to	leave	the	start	box,	and	to	complete	the	maze,	on	their	first	trial.	The	species	did	244	
not	differ	in	the	amount	of	time	to	leave	the	start	box	under	either	condition	(ANOVA:	dark,	245	
F(1,35)	=	1.04,	P	=	0.3;	light,	F(1,21)	=	0.03,	P	=	0.9).	However,	M.	spicilegus	completed	the	maze	246	
significantly	faster	than	M.	m.	musculus	on	the	first	day	they	encountered	it	under	dark	247	
conditions,	but	not	under	light	conditions	(ANOVA,	dark:	F(1,35)	=	16.36,	P	=	0.0003;	light:	F(1,21)	=	248	
2.25,	P	=	0.2).		249	
	250	
DISCUSSION	251	
	 We	used	a	maze-learning	task	to	test	for	differences	in	spatial	ability	between	a	pair	of	252	
sympatric	but	ecologically	distinct	species	of	mice,	the	eastern	house	mouse,	Mus	musculus	253	
musculus,	and	the	mound-building	mouse,	M.	spicilegus.	Given	the	specialized	burrowing	254	
ecology	of	M.	spicilegus	we	predicted	that	this	species	would	perform	significantly	better	than	255	
the	commensal	house	mouse	when	tested	in	complete	darkness	without	access	to	allocentric	256	
cues.	We	found	strong	support	for	this	prediction:	in	the	dark	condition,	mound-building	mice	257	
moved	through	the	maze	faster	when	they	first	encountered	it	and	learned	the	correct	route	258	
faster	than	did	house	mice.	Moreover,	there	was	no	species	difference	when	naïve	individuals	259	
	 15	
were	tested	in	the	same	maze	with	access	to	visual	cues.	Together,	these	results	suggest	that	260	
enhanced	ability	to	navigate	using	egocentric	cues	only	is	an	adaptation	to	life	in	the	burrow	261	
systems	that	mound-building	mice	construct	and	occupy	for	up	to	half	of	the	year	in	nature.	We	262	
discuss	these	findings	in	light	of	the	evolutionary	ecology	and	mechanistic	basis	of	egocentric	263	
navigation,	and	the	opportunity	for	future	studies	of	the	genetic	basis	and	neural	architecture	264	
of	egocentric	navigation	and	burrow	construction	in	M.	spicilegus.	265	
	 	266	
Ecological	correlates	of	species	differences	in	egocentric	navigation	267	
	 There	is	robust	evidence	that	cognitive	ability,	like	any	other	complex	trait,	can	evolve	in	268	
response	to	selection	pressures	in	different	environments	or	social	contexts	(reviewed	in	269	
Cauchoix	&	Chaine,	2016;	Morand-Ferron	et	al.,	2016).	Species,	population,	and	sex	differences	270	
in	spatial	learning	and	memory	abilities	have	been	particularly	well	studied	in	this	ecological	271	
framework	(e.g.,	Bruck	&	Mateo,	2010;	Gaulin	et	al.,	1990;	Kimchi	&	Terkel,	2004;	Pravosudov	272	
and	Clayton,	2002).	Yet	few	studies	have	asked	whether	differences	in	spatial	cognition	are	273	
context-	or	task-specific	(reviewed	in	Gibson	&	Kamil,	2009),	and	the	relationship	between	274	
ecology	and	egocentric	navigation	ability	has	received	little	attention.		275	
	 Mound	and	burrow	construction	in	M.	spicilegus	is	presumed	to	be	an	adaptation	to	276	
harsh	seasonal	environments:	soil	temperatures	under	mounds	are	elevated	and	stable	relative	277	
to	the	surrounding	environment,	and	larger	mounds	have	a	higher	proportion	of	mice	that	278	
survive	the	winter	(Szenczi	et	al.,	2011).	Construction	and	occupation	of	mound/burrow	279	
systems	also	shape	life	history	and	social	structure	in	M.	spicilegus.	Most	construction	is	carried	280	
out	by	young	of	the	year	–	animals	that	delay	reproduction	till	they	emerge	from	the	mounds	281	
	 16	
the	following	spring	–	and	there	is	evidence	for	individual	task-specialization	in	the	process	of	282	
mound	construction	(Serra	et	al.,	2012;	Hurtado	et	al.,	2013).	The	results	of	this	study	add	283	
enhanced	egocentric	navigation	to	the	suite	of	behavioral	traits	that	promote	overwinter	284	
survival	in	young	mound-building	mice.	285	
	 We	also	found	that	species	differences	in	spatial	learning	and	memory	depend	on	the	286	
types	of	cues	that	are	available.	While	house	mice	performed	significantly	better	with	access	to	287	
allocentric	information,	mound-building	mice	performed	equally	well	with	or	without	288	
allocentric	cues.	To	the	extent	that	the	maze	task	approximated	spatial	problems	that	each	289	
species	encounters	in	nature,	these	results	are	consistent	with	the	fact	that	the	two	species	290	
overlap	in	aboveground	space	use	where	allocentric	cues	are	available,	whereas	construction	291	
and	occupation	of	complex	burrows	is	unique	to	M.	spicilegus.		292	
	 While	sex	differences	in	spatial	ability	are	widely	reported	in	lab	mice	and	rats,	which	293	
sex	performs	better	varies	with	task,	genotype,	and	age	(Ennaceur	et	al.,	2008;	reviewed	in	294	
Jonasson,	2005).	Considering	that	male	and	female	M.	spicilegus	overwinter	in	the	same	295	
burrow	systems,	do	not	differ	in	behaviors	associated	with	mound	construction	(Hurtado	et	al.	296	
2013),	and	mate	after	dispersal	from	mounds,	we	did	not	expect	the	sexes	to	differ	in	297	
egocentric	navigation	ability.	Although	we	did	not	detect	sex	differences	in	either	species	under	298	
either	condition,	there	was	a	marginally	significant	interaction	between	sex	and	species	in	the	299	
dark	condition:	female	M.	spicilegus	tended	to	perform	better	than	male	M.	spicilegus,	whereas	300	
the	opposite	was	true	for	M.	m.	musculus	females	and	males.	Sex	specific	sample	sizes	in	this	301	
study	were	small;	it	is	possible	that	increased	sampling	might	reveal	species-specific	effects	of	302	
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sex	on	egocentric	navigation.	Future	studies	should	explore	the	intriguing	possibility	of	opposite	303	
patterns	of	sexual	dimorphism	in	egocentric	navigation	ability	in	these	closely	related	species.	304	
	 Space	use	and	burrowing	behavior	during	the	reproductive	season	are	not	well	305	
characterized	in	natural	populations	of	M.	spicilegus.	However,	there	is	no	evidence	for	306	
continued	use	of	winter	burrow	systems;	indeed,	one	study	found	a	negative	association	307	
between	the	presence	of	mounds	and	capture	rate	for	adult	females	(Gouat	et	al.,	2003).	Thus,	308	
the	proposed	selective	advantage	of	enhanced	egocentric	navigation	as	applied	to	learning	a	309	
fixed	route	may	be	specific	to	the	life	stage	bounded	by	initial	dispersal	from	the	nest	and	first	310	
reproduction.	Given	that	parturition	and	lactation	can	enhance	spatial	cognition	in	female	311	
rodents	(e.g.,	Kinsley	et	al.,	1999)	it	would	be	of	particular	interest	to	test	for	effects	of	312	
motherhood	on	performance	of	different	types	of	spatial	tasks.	For	example,	path	integration	–	313	
the	ability	to	update	spatial	position	relative	to	a	starting	point	–	relies	on	the	same	movement-314	
generated	input	and	neural	substrates	(see	below)	as	the	route-based	task	used	here,	but	also	315	
requires	flexibility	in	the	formation	of	a	cognitive	map.		Since	updating	her	location	relative	to	316	
the	location	of	her	nest	is	exactly	what	a	foraging	female	must	accomplish,	we	might	expect	this	317	
aspect	of	egocentric	navigation	to	be	specifically	enhanced	in	lactating	mound-building	mice	318	
relative	to	pre-reproductive	conspecifics	of	both	sexes.		319	
	320	
Mechanisms	of	species	differences	in	egocentric	navigation	321	
	 M.	spicilegus	is	slightly	smaller	than	M.	m.	musculus	and	differs	in	tail	length	and	several	322	
cranial	characters	but	does	not	exhibit	any	of	the	external	phenotypes	associated	with	sensory	323	
adaptations	to	dark	environments	(e.g.,	specialized	external	pinnae,	elaboration	of	vibrissae	or	324	
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nasal	soft	tissue,	modified	foot	pads	or	guard	hairs)	(Sokolov	et	al.,	1998).	Thus,	species	325	
differences	in	navigational	ability	in	complete	darkness	are	not	readily	explained	by	enhanced	326	
auditory	or	tactile	sensitivity	in	M.	spicilegus.	Indeed,	maze	dimensions	were	considerably	327	
larger	than	the	body	width	of	the	animals,	such	that	extensive	somatosensory	stimuli	were	not	328	
available	as	mice	moved	through	the	maze	(e.g.,	Kimchi	&	Terkel,	2004).	Likewise,	by	329	
thoroughly	cleaning	mazes	after	each	trial	and	rotating	maze	position	across	days,	we	330	
eliminated	cues	that	could	provide	allocentric	information	in	the	dark	condition	(e.g.,	odor	331	
trails,	extra-maze	auditory	cues,	natural	or	artificial	magnetic	fields).	These	observations	332	
suggest	that	enhanced	egocentric	navigation	in	M.	spicilegus	reflects	more	precise	processing,	333	
and	consolidation	into	memory,	of	movement-generated	input	at	the	level	of	the	central	334	
nervous	system.	335	
	 While	the	capacity	to	generate	and	retain	an	internal	representation	of	external	spatial	336	
relations	is	traditionally	attributed	to	the	hippocampus,	work	in	lab	mice	and	rats	demonstrates	337	
that	interactions	between	the	hippocampus	and	another	forebrain	region	–	the	striatum	–	are	338	
of	particular	importance	to	egocentric	navigation	(Mizumori	et	al.,	2009;	Chersi	&	Burgess,	339	
2015).	The	dorsal	and	ventral	regions	of	the	striatum	are	critical	to	planned	motor	output	and	340	
reward-based	learning,	respectively.	It	has	been	suggested	that	these	two	striatal	functions	are	341	
integrated	in	response	learning,	the	association	of	body	turns	with	reward	(Chersi	&	Burgess,	342	
2015).	Within	this	circuitry,	striatal	dopamine	is	critical	to	egocentric,	but	not	to	allocentric,	343	
navigation	(Braun	et	al.,	2015).	In	our	study,	mice	learned	to	follow	a	route	defined	by	a	series	344	
of	points	at	which	decisions	involving	body	turns	were	required.	The	two	species	performed	345	
equally	well	when	allocentric	visual	cues	were	available,	but	M.	spicilegus	out-performed	M.	m.	346	
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musculus	when	these	cues	were	eliminated	and	mice	were	forced	to	navigate	using	egocentric	347	
input	exclusively.		348	
	 Given	the	close	evolutionary	relationship	between	house	mice	and	mound-building	349	
mice,	and	the	fact	that	M.	spicilegus	is	not	a	subterranean	specialist,	we	would	not	expect	to	350	
find	species	differences	in	the	size	or	structure	of	brain	regions	implicated	in	egocentric	351	
navigation.	Instead,	the	results	of	this	study	hint	at	greater	hippocampal-striatal	connectivity	or	352	
sensitivity	in	M.	spicilegus,	potentially	mediated	by	dopaminergic	activity.	Co-localization	of	353	
immediate	early	gene	and	dopamine	receptor	activation	by	an	egocentric	navigation	task	would	354	
provide	a	preliminary	test	of	this	hypothesis.	355	
	 Finally,	because	the	strains	of	mice	used	here	to	represent	each	species	have	been	356	
maintained	in	the	lab	for	many	generations	and	individuals	used	in	the	experiment	were	reared	357	
under	identical	standard	conditions,	our	results	indicate	that	species	differences	in	spatial	358	
cognition	have	a	genetic	basis.	While	M.	spicilegus	and	M.	m.	musculus	do	not	hybridize	in	359	
nature,	crosses	are	still	possible	in	the	lab	(Zechner	et	al.,	1996).	Therefore,	traits	unique	to	M.	360	
spicilegus	are	amenable	to	genetic	mapping.	Work	on	the	genetics	of	burrowing	behavior	in	361	
Peromyscus	mice	(Dawson	et	al.,	1988;	Weber	et	al.,	2013),	nest	construction	in	house	mice	362	
(Sauce	et	al.,	2012),	spatial	navigation	in	rats	(Herrera	et	al.,	2013),	and	olfactory	learning	and	363	
memory	in	Nasonia	wasps	(Hoedjes	et	al.,	2014)	and	Drosophila	(Nepoux	et	al.,	2015),	364	
demonstrates	the	feasibility	of	this	approach	for	ecologically	relevant	cognitive	traits.	365	
	 	366	
Conclusions	367	
	 20	
	 Despite	the	extensive	literature	on	spatial	learning	and	memory	in	laboratory	rodents,	368	
and	on	patterns	of	space	use	in	natural	populations	of	many	species,	few	studies	have	asked	369	
whether	there	is	a	match	between	species-specific	spatial	ecology	and	species	differences	in	370	
egocentric	navigation	ability.	Here,	we	show	that	differences	in	spatial	ability	between	371	
sympatric	mouse	species	are	exclusive	to	egocentric	cue	use,	and	that	the	direction	of	this	372	
difference	is	consistent	with	species	differences	in	burrowing	ecology.	These	results	highlight	373	
the	role	of	ecological	selection	in	the	evolution	of	cognitive	traits,	and	pave	the	way	for	future	374	
work	on	the	genetic	and	neural	substrates	of	behaviors	that	differ	between	mound-building	375	
mice	and	their	commensal	relatives	(Tong	and	Hoekstra,	2012).		376	
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